Premature infants have altered glucose regulation early in life and increased risk for diabetes in adulthood. Although prematurity leads to an increased risk of diabetes and metabolic syndrome in adult life, the role of hepatic glucose regulation and adaptation to an early extrauterine environment in preterm infants remain unknown. The purpose of this study was to investigate developmental differences in glucose metabolism, hepatic protein content, and gene expression of key insulin-signaling/gluconeogenic molecules. Fetal baboons were delivered at 67%, 75%, and term gestational age and euthanized at birth. Neonatal baboons were delivered prematurely (67% gestation), survived for two weeks, and compared with similar postnatal term animals and underwent serial hyperinsulinemic-euglycemic clamp studies. Premature baboons had decreased endogenous glucose production (EGP) compared with term animals. Consistent with these results, the gluconeogenic molecule, phosphoenolpyruvate carboxykinase messenger RNA, was decreased in preterm baboons compared with terms. Hepatic insulin signaling was altered by preterm birth as evidenced by decreased insulin receptor-b, p85 subunit of phosphoinositide 3-kinase, phosphorylated insulin receptor substrate 1, and Akt-1 under insulin-stimulated conditions. Furthermore, preterm baboons failed to have the normal increase in glycogen synthase kinase-a from fetal to postnatal life. The blunted responses in hepatic insulin signaling may contribute to the hyperglycemia of prematurity, while impaired EGP leads to hypoglycemia of prematurity. (Endocrinology 158: 1140(Endocrinology 158: -1151(Endocrinology 158: , 2017 T he rate of preterm birth ranges from 5% to 18% of all live births worldwide, accounting for an estimated 15 million babies every year. Preterm birth increases the risk for both short-and long-term morbidity and mortality, with survivors having a higher incidence of diabetes and metabolic syndrome (1-3). In the first weeks of life, many premature infants have abnormal glucose metabolism; some develop hypoglycemia, affecting more than 50% of preterm infants (4, 5), while others develop hyperglycemia, affecting up to 80% of infants with very low birth weight (birth weight , 1500 g). The clinical impact of hypoglycemia is significant, as it has been associated with central nervous system damage and decreased IQ scores (6, 7). Elucidating the pathophysiologic mechanisms behind hyperglycemia is equally important because this condition increases the risk of death and other morbidities,
T he rate of preterm birth ranges from 5% to 18% of all live births worldwide, accounting for an estimated 15 million babies every year. Preterm birth increases the risk for both short-and long-term morbidity and mortality, with survivors having a higher incidence of diabetes and metabolic syndrome (1) (2) (3) . In the first weeks of life, many premature infants have abnormal glucose metabolism; some develop hypoglycemia, affecting more than 50% of preterm infants (4, 5) , while others develop hyperglycemia, affecting up to 80% of infants with very low birth weight (birth weight , 1500 g). The clinical impact of hypoglycemia is significant, as it has been associated with central nervous system damage and decreased IQ scores (6, 7) . Elucidating the pathophysiologic mechanisms behind hyperglycemia is equally important because this condition increases the risk of death and other morbidities, including retinopathy of prematurity and intraventricular hemorrhage (8) (9) (10) . Deranged glucose metabolism may persist long term, as episodes of hyperglycemia have been seen in preterm infants even when they mature to nearterm age (11, 12) . Further, insulin resistance and increased incidence of type 2 diabetes is seen in preterm babies who survive to adulthood and may be a direct consequence of early alterations in glucose metabolism (1, 3, (13) (14) (15) .
Little is known about hepatic glucose metabolism in prematurity and whether impaired hepatic insulin signaling contributes to the pathophysiology of hyperglycemia/ hypoglycemia in infants with very low birth weight. Peripheral insulin resistance of prematurity has been demonstrated in adipose and muscle tissue of premature baboons (16) . The presence of hepatic insulin resistance in preterm infants is suggested by persistent hepatic glucose production despite hyperglycemia and high intravenous glucose infusion rates (GIRs) as well as higher proinsulin levels and higher insulin infusion rates required to achieve euglycemia (17) (18) (19) . We previously have shown significant developmental differences in hepatic gluconeogenic molecules phosphoenolpyruvate carboxykinase (PEPCK) and forkhead Box O1 (FOXO1) in fetal and neonatal baboons (20) , which may impair the response to insulin during the neonatal period. A clearer understanding of the molecular and physiological abnormalities responsible or the disturbances in hepatic glucose metabolism in preterm infants is essential for optimal management during the neonatal period and for prevention of long-term morbidities.
No previous study has quantitated endogenous glucose production (EGP) in preterm and term neonates under insulin-stimulated conditions. To our knowledge, there are no data correlating EGP and hepatic insulin-signaling pathways under insulin-stimulated conditions. We examined the effect of insulin on EGP in preterm and term nonhuman primates utilizing stable isotopes. Premature baboons are a pertinent model to study glucose metabolism, as they experience complications that are similar to those in premature infants, including hyperglycemia of prematurity, hypoglycemia, bronchopulmonary dysplasia, necrotizing enterocolitis, and cardiovascular instability (21, 22) .
Materials and Methods

Animal care in fetal group
Eighteen fetal baboons were delivered at 67% gestation [125 days gestational age (GA) or preterm, 6 two days; n = 6], 75% gestation (140 days GA or near term, 6 two days; n = 6), and 95% gestation (175 days GA or term, 6 two days; n = 6) via caesarean section from healthy mothers under general anesthesia and were euthanatized immediately after birth with intravenous pentobarbital [20 mg/kg (Virback, AH, Inc, FW, Texas)]. Fetal sex was not able to be accurately determined when animal selection was performed prenatally. Liver samples were collected and snap frozen for future experiments.
Animal care in postnatal group
Twelve additional baboons were delivered prematurely at 67% gestation (n = 6) or at term (n = 6). Animals received a prime (150 mU/kg/min) plus constant infusion of insulin (15 mU/kg/min) (Novolin; Novo Nordisk Pharmaceuticals, Plainsboro, NJ) for two hours immediately prior to liver collection. Animals were euthanized at two to three weeks of age with 20 mg/kg of IV pentobarbital, followed by exsanguination. Insulin-stimulated liver samples were collected and snap frozen for future experiments.
Term postnatal animals
Term animals were delivered via spontaneous vaginal delivery and were breast fed by their mother for the first 24 hours of life and received term formula by mouth every four to six hours thereafter. They were placed in an incubator (36°C) for thermal support and monitored daily by veterinary staff.
Preterm postnatal animals
Preterm animals were delivered via caesarean section under general anesthesia from healthy mothers. Mothers were given prenatal steroids initiated 48 hours prior to delivery with betamethasone [6 mg intramuscular q24h 3 two doses (American Regent Inc, Shirley, NY)] to mimic the standard procedure for human patients at risk for premature delivery. Preterm animals were intubated immediately after birth and chronically ventilated. Curosurf (Cornerstone Therapeutics, Cary, NC) was administered through the endotracheal at a dose of 2.5 mL/kg. A standard protocol was followed for sedation and anesthesia. Central intravenous lines were placed shortly after birth for fluid management and parenteral nutrition. Glucose was measured every two hours for the first 48 hours and then every four hours, electrolyte levels were obtained every 12 hours, and blood gas analysis was measured every two hours for the first 48 hours and then every four hours for the rest of the study. Parenteral nutrition was started after birth at a rate of 150 mL/kg/d, with 1.75 g/kg amino acids during the first 24 hours and then 3.5 g/kg for the remainder of the protocol. GIRs were advanced per protocol to keep glucose between 50 and 100 mg/dL. Enteral feeds were started with preterm formula on day of life 4 to 5 and advanced to a max of 40 
Western blot
Activation of hepatic insulin-signaling molecules and gluconeogenic enzymes was measured from extracted frozen liver tissues under maximum insulin stimulation. Proteins were extracted from liver tissues, quantified, and measured as previously described (16) . Antibodies are specified in Table 1 . Glyceraldehyde-3-phosphate dehydrogenase from Santa Cruz was used as loading control to normalize target proteins.
Polymerase chain reaction analysis
Gene expression was measured by extracting total RNA from frozen liver tissues, and relative quantitation of gene expression was performed as previously described (20) . Primer sequences for PEPCK-C (PCK1, Hs00159918_m1, RefSeq: NM_002591.3), PEPCK-M (PCK2, Hs00388934_ m1, RefSeq: NM_001018073.2), G6Pase (G6PC3, Hs00292720_m1, 
FOXO1 activation
FOXO1 activity was quantified using the DNA-binding enzyme-linked immunosorbent assay (ELISA) TransAM FKHR (FOXO1) Kit from Active Motif (Carlsbad, CA). Liver samples were homogenized in ice-cold lysis buffer and then centrifuged for supernatant collection. Protein concentrations were measured by Epoch Microplate (BioTek Instruments, Winooskiu, VT). Samples were tested in duplicate wells with 80 mg total protein per sample following the Active Motif instructions. Primary antibodies provided with the kit were used to detect FOXO1 DNA binding activity to the oligonucleotide immobilized in the well. ELISA plate optical density was read on a Biotek spectrophotometer (Winooski, VT) at 450 nm with a reference wavelength of 655 nm.
Liver glycogen content
Liver tissues were hydrolyzed in 2 N HCl at 100°C for two hours followed by neutralization with 2 N NaOH. Glycogen content was then measured by the hexokinase method using the glucose HK reagent (Sigma, St. Louis, MO) and expressed per milligram of tissue.
Blood chemistry
Total serum insulin (ALPCO, Salem, NH) and glucagon (ALPCO, Salem, NH) concentrations were assessed via enzymatic methods using commercial kits. Serum glucose samples were analyzed using the Analox GM9 Glucose Analyzer (Analox Technologies, Atlanta, GA).
Statistical analysis
Statistical calculations and demographic distributions were performed with SPSS for Microsoft Windows (version 17.0; SPSS, Inc., Chicago, IL). Differences between groups were determined utilizing a two-way analysis of variance, followed by the Bonferroni and Tukey test, and paired and unpaired Student t test, and repeated measures were performed when appropriate. A P , 0.05 was considered to be statistically significant. x 2 s were performed for categorical data such as sex differences.
Results
Animal characteristics
The clinical and laboratory data of the preterm and term postnatal baboons are summarized in Table 2 . Similar to preterm human infants, preterm baboons required constant intravenous dextrose to maintain euglycemia, while term baboons were euglycemic with oral formula feeds. Serum glucose was collected every two to four hours per protocol in preterm animals and ranged from 62 to 75 mg/dL during the first week and 68 to 92 mg/dL during the second week of life (see Table 2 for mean fasting glucose values). Serum glucose ranged from 51 to 76 mg/dL during the first week and 43 to 84 mg/dL during the second week of life in term animals. The basal Ra was similar in preterm and term baboons during the first and second weeks of life. However, preterm baboons required a basal GIR . 7 mg/kg/min to prevent hypoglycemia, while term baboons did not require basal exogenous glucose infusions. Furthermore, clamped Ra was significantly lower in preterm baboons during the first and second week of life, and clamped GIR was significantly lower in preterm baboons during the first week of life. Basal and clamped plasma glucagon was significantly lower at two weeks of age in preterm baboons. Although the mean insulin:glucagon ratio was 99% higher in preterm baboons compared with terms at both weeks 1 and 2 (week 1, 17.5 6 12.8 vs 0.2 6 0.1, P = 0.09; week 2, 21.3 6 12.6 vs 0.2 6 0.1, P = 0.2), this did not meet statistical significance due to significant variations in the preterm baboons. Epinephrine remained stable throughout the clamp (change in epinephrine level from baseline to end of clamp was similar; P = 0.870 and P = 0.441 during clamp 1 and clamp 2, respectively). The gluconeogenic precursors glycerol and lactate were similar in preterm and term baboons (0.6 6 0.2 nmol/mL vs 0.8 6 0.2 nmol/mL, P = 0.2; 0.7 nmol/mL vs 0.7 nmol/mL, P = 1.0, respectively) at the end of week 2. These were not measured on week 1 because of the limited amount of blood available for draws. As previously reported (16), fasting plasma insulin levels tended to be higher in preterm baboons compared with term at both one and two weeks of age prior to insulin administration, and peak insulin levels were similar (.1400 mIU/mL) between groups at the end of the insulin clamp, immediately prior to liver sample collection.
Fetal animals were also evaluated, and their experimental time line and characteristics are described in Fig. 1 and Table 2 .
Alterations in hepatic insulin signaling in preterm baboons
After maximal insulin stimulation, hepatic messenger RNA (mRNA) expression of insulin receptor b (IR-b) was 39% lower in preterm baboons compared with term animals (P , 0.05); the protein content of IR-b also tended to be lower in preterms but did not reach statistical significance [ Fig. 2(a) and 2(b) ]. Insulin receptor substrate 1 (IRS-1) tyrosine phosphorylation at Tyr612 was 75% lower in preterm compared with term animals (P , 0.05) [ Fig. 2(c) ]. The phosphoinositide 3-kinase (PI3K) p85 regulatory subunit was 56% lower in preterm baboons compared with terms (P , 0.05) [ Fig. 2(e) ]. Akt-1 mRNA expression was decreased in preterm vs term animals by 57% (P , 0.001) [ Fig. 2(d) ]. There were no significant changes in the mRNA expression of IRS-1, protein content of Akt, or levels of phosphorylated Akt at Ser473 (data not shown).
Developmental differences in gluconeogenic enzymes and transcription factors in preterm baboons
Cytosolic PEPCK (PEPCK-C) mRNA expression was decreased to 91% in preterm vs term baboons (P , 0.001), and protein content was decreased by 20% (not statistically significant) [ Fig. 3(a) and 3(b) ]. Fructose-1,6-bisphosphatase (FBPase) protein content and gene expression tended to be lower in preterm animals (63% and 45% of term, respectively; P = 0.1) but failed to reach statistical significance [ Fig. 3(c) and 3(d) ]. There were no differences in gene expression or protein content of glucose 6-phosphatase (G6Pase) or mitochondrial PEPCK (PEPCK-M) [ Fig. 3(e) , 3(f), and 3(h)].
To investigate the molecular mechanism underlying the reduced expression of PEPCK-C, we quantitated the mRNA expression of peroxisome proliferator-activated receptor gamma coactivator 1-a (PGC-1a), an important amplifier for hepatic gluconeogenesis. PGC-1a mRNA expression tended to be 44% lower in preterm vs term baboons and almost reached statistical significance (P = 0.06) [ Fig. 3(g) ].
Because the transcription FOXO1 promotes the expression of hepatic gluconeogenic genes, we evaluated the level of FOXO1 in the liver of insulin-stimulated preterm and term baboons using reverse transcription polymerase chain reaction (PCR) and Western blot analysis. FOXO1 mRNA expression and protein content were similar between preterm and term baboons [ Fig. 4(a) and 4(b) ]. FOXO1 phosphorylation at Ser256 was similar in term and preterm baboons [ Fig. 4(a) ]. We also evaluated FOXO1 activity using the TransAM transcription factor ELISA (Active Motif); FOXO1 activity was similar in preterm and term animals [ Fig. 4(c) ].
Content of hepatic GSK-3 and glycogen after insulin stimulation in preterm baboons
There was a significantly lower gene expression of glycogen synthase kinase-a (GSK-3a) in postnatal preterm baboons when compared with the term counterparts [ Fig. 5(b) ]. There were no differences in GSK-3a protein expression (data not shown). Glycogen content was similar between postnatal preterm and term baboons during insulin stimulation at two to three weeks of age [ Fig. 5(c) ].
Developmental differences from fetal to extrauterine life when born preterm vs term
Similar to what has been previously reported (24) , key insulin-signaling molecules were similar across GAs in fetal baboons. Although Akt-1 gene expression remained similar between fetal (noninsulin stimulated) to extrauterine life (postnatal animals, insulin stimulated) if born preterm, the animals born at term had a greater than twofold increase in Akt-1 gene expression during extrauterine life (P , 0.001) [ Fig. 5(a) ]. In addition, after birth, term animals had a significantly higher Akt-1 gene expression when compared with their preterm counterparts (P = 0.019) [ Fig. 5(a) ]. Although there were no differences in glycogen content between postnatal preterm and term baboons, there were marked increases in hepatic glycogen content with advancing GA during fetal life, with a threefold increase from preterm to term fetal animals (noninsulin stimulated; P , 0.001). Consistent with these results, the gene expression of GSK-3a decreased with advancing GA during fetal life [ Fig. 5(c) ]. There were no differences in the GSK-3a and pGSK-3a protein content between fetal, postnatal preterm, and term animals (data not shown).
Hepatic glycogen content in preterm and term baboons was significantly lower during extrauterine life (postnatal animals, insulin stimulated) as compared with the fetal animals (noninsulin stimulated) of similar gestation 
Discussion
In this study we measured the molecular mechanisms involved in the regulation of EGP under maximal insulin stimulation in newborn nonhuman primates at various stages of postnatal development. We found a significant decrease during fasting in EGP (basal Ra-GIR) in preterm baboons during their first two weeks of life in association with a decrease in PEPCK (and perhaps PGC-1a) in the liver of preterm baboons (Fig. 6 ). Although the Ra was similar in both preterm and term animals under basal conditions, preterm baboons required a continuous glucose infusion to sustain euglycemia, whereas term animals did not. The low EGP persisted throughout the first two weeks of postnatal life. Interestingly, under maximal insulin stimulation, the EGP in preterm baboons remained low, which is likely due to the extremely low production they begin with (basal conditions). Furthermore, the glucose uptake by peripheral tissues was lower in preterm animals as demonstrated by their lower M values, in particular during week 1 ( Table 2 ). In addition, preterm animals had consistently lower glucagon compared with term, and the insulin:glucagon ratio was 99% higher in preterm (D-[6,6-2 H 2 ] glucose) in term human newborns, but they had minimal insulin stimulation and were born at term. We therefore attempted to reach maximal insulin stimulation similar to the levels that suppressed glucose production in newborn beagles; these animals did not achieve complete suppression of EGP despite of reaching plasma insulin levels . 1000 (25) . Contrary to what is thought to be contributing factors to the etiology of abnormal glucose regulation in neonates, gluconeogenic precursors (glycerol and lactate) were similar between preterm and term animals.
Preterm baboons had a decreased gene expression of IR-b and Akt, decreased protein content of the PI3K regulatory subunit p85, and decreased phosphorylation of IRS-1 at Tyr612 compared with their term counterparts (Fig. 6 ). These alterations likely explain the development of hyperglycemia and decreased hepatic responses frequently seen in preterm infants despite elevated serum glucose levels (11, 17, 19, 26) . This hepatic insulin resistance and higher insulin levels at fasting found in preterm baboons are consistent with the clinical findings in extremely preterm infants who have higher serum c-peptide levels at fasting (17) and require higher insulin doses to maintain normoglycemia (27) . Persistent hepatic insulin impairments, particularly decreased IRS-1 phosphorylation, could explain the emergence of diabetes earlier in life in surviving preterm infants and need to be further studied (1) .
In our baboon model, GSK-3 tended to sequentially decrease with advancing fetal age and increased after birth. GSK-3 is involved in numerous intracellular signaling mechanisms, including protein synthesis, gene transcription, apoptosis, and glucose regulation (28, 29) . Our results demonstrate that baboons, if born at term, had a significant increase in GSK-3a from intrauterine (fetal) to extrauterine (postnatal life); however, if born preterm, the normal gestational rises were not observed. These differences in GSK-3 surges after birth may be secondary to the upstream insulinsignaling impairments found in preterm baboons (decreased phosphorylation of IRS-1 and decreased gene expression of IR-b and Akt) as insulin acts through IRS-1 and Akt to phosphorylate (and deactivate) GSK-3. This phosphorylation prevents GSK-3 from inhibiting glycogen synthase (30) . Although little is known about GSK-3 during neonatal development, it recently has been shown to enhance insulin sensitivity, and GSK-3a has been suggested as a potential target for the treatment of diabetes and insulin resistance in adults (31) . The lack of postnatal surge in GSK-3 gene expression after preterm birth in conjunction with impairments in insulinsignaling molecules in the liver are consistent with the insulin-resistant state in prematurity as previously demonstrated by our group (16) . Another explanation for the lack in postnatal surge would be due to differences in responses to insulin affecting only preterm baboons. Interestingly, hepatic glycogen content sequentially increased with advancing GA in fetuses and then decreased postnatally regardless of preterm or term birth. The postnatal hepatic glycogen content may not correlate with the postnatal expression of GSK-3 due to differences in glycogen utilization between preterm and term infants and differences in glycogen synthase activity, which we did not measure. A limitation to the study is that sex fetal differences may have played a role in the differences in glycogen content or gene expression of GSK-3 in the fetuses born at 75% and 95% gestation. Sex differences have been previously found in some genes related to gluconeogenesis, glycogen content, and glucose output (32, 33) ; in this study, we didn't find statistically significant sex differences in the fetuses born at 75% and 95% gestation and the remainder of the groups had equally distributed sex. Nonetheless, future studies are needed to elucidate the role of sex.
FOXO1, a nuclear transcription factor involved in the regulation of hepatic gluconeogenesis, was not altered by preterm birth. In adult mice, insulin acts on IRS-1 to activate Akt, which in turn promotes phosphorylation and nuclear exclusion of FOXO1 (34) (35) (36) (37) . Therefore, we expected to find alterations in FOXO1 as a result of downstream effects from a decrease in IRS-1 and Akt found in preterm animals. Although we found significant differences in key insulin-signaling molecules in the liver, we were surprised not to find any differences in FOXO1 activity, protein content, or gene expression. This might be explained by alterations in other transcription factors such as cAMP response element binding protein and hepatocyte nuclear factor 4a or changes in coactivators such as protein arginine methyltransferases. Another possibility could be that FOXO1 may have an abnormal response to IRS-1/Akt phosphorylation during the fetal to neonatal period. This could be explained by the rapid growth that occurs during the fetal and early neonatal period because FOXO1 is an important cofactor acting as a gate keeper for c-MYC signaling, a powerful driver of anabolic metabolism and growth (38) . In contrast to the impaired upstream insulin-signaling molecules, we found significantly decreased PEPCK-C in preterm baboons. Our research group has previously shown that PEPCK-C increases with advancing gestation in fetal baboons (20) . In preterm baboons, PGC-1a gene expression was decreased by 44%. PGC-1a induces mRNA for PEPCK, G6Pase, and FBPase in a dosedependent fashion, and the induction of these gluconeogenic genes results in increased glucose production in rat hepatocytes (39) . Because coactivation of FOXO1 by PGC-1a is required for gluconeogenic gene expression, and PGC-1a increases the transcriptional activity of FOXO1 fourfold in mouse hepatocytes (40) , the low PEPCK-C activity in preterm baboons may be, in part, secondary to the tendency of PGC1-a to be decreased. Our results indicate that PEPCK-C, and perhaps PGC1-a, undergo significant changes during neonatal development. The decrease in these key hepatic gluconeogenic enzymes, in conjunction with hypoglucagonemia, most likely are responsible for the reduction in glucose production and resultant hypoglycemia that occurs in prematurity.
These findings in extremely premature baboons raise an interesting question of how reduced insulin signaling with decreased levels of IRS-1 phosphorylation, decreased p85 protein content, and decreased Akt mRNA are found along with decreased PGC-1a and PEPCK-C gene expression. This paradox can explain the simultaneous occurrence of hyperglycemia and hypoglycemia frequently reported in premature infants.
In conclusion, we found a significant reduction in IRS-1 phosphorylation, PI3K p85 subunit protein content, and reduced IR-b and Akt gene expression along with a blunted response of GSK-3 after preterm birth in the liver of preterm baboons, which contributes to the insulin resistance and hyperglycemia of prematurity. EGP was reduced in conjunction with decreased gene expression of the gluconeogenic enzyme PEPCK (and perhaps cofactor PGC-1a), which can explain the hypoglycemia after short periods of fasting in the newborn period. These findings have important therapeutic implications because we currently treat the hyperglycemia with insulin, to which the preterm infants are resistant (27) due to impairments in the insulin-signaling pathway. Other therapies might be developed to enhance IRS-1 phosphorylation or GSK-3 inhibition to augment hepatic glucose uptake as a treatment of hyperglycemia of prematurity. Further, the infants with persistent/severe hypoglycemia may have significant alterations in glucagon, PEPCK, and PGC-1a, which represent therapeutic targets for neonatal hypoglycemia.
In this study, we demonstrate that baboons serve as an excellent translational model to study glucose metabolism throughout a life span as they develop many metabolic derangements similar to humans if born preterm. Our unique findings in a nonhuman primate model provide insight into the etiology of the glucose dysregulation observed in neonates, in particular if born preterm. Preterm birth affects millions, and as their incidence of diabetes in childhood and young adulthood continues to increase (1, 14, 41) , further studies are critical to elucidate how preterm birth and other interventions provided in the neonatal intensive care unit and during early life impact their glucose regulation and insulin sensitivity.
